An increase in plasma ANG II causes neuronal activation in hypothalamic nuclei and a slow pressor response, presumably by increasing sympathetic drive. We evaluated whether the activation of a neuromodulatory pathway, involving aldosterone and "ouabain," is involved in these responses. In Wistar rats, the subcutaneous infusion of ANG II at 150 and 500 ng·kg Ϫ1 ·min Ϫ1 gradually increased blood pressure up to 60 mmHg at the highest dose. ANG II at 500 ng·kg Ϫ1 ·min
increased plasma ANG II by 4-fold, plasma aldosterone by 25-fold, and hypothalamic aldosterone by 3-fold. The intracerebroventricular infusion of an aldosterone synthase (AS) inhibitor prevented the ANG II-induced increase in hypothalamic aldosterone without affecting the increase in plasma aldosterone. Neuronal activity, as assessed by Fra-like immunoreactivity, increased transiently in the subfornical organ (SFO) but progressively in the paraventricular nucleus (PVN) and supraoptic nucleus (SON). The central infusion of the AS inhibitor or a mineralocorticoid receptor blocker markedly attenuated the ANG II-induced neuronal activation in the PVN but not in the SON. Pressor responses to ANG II at 150 ng·kg Ϫ1 ·min Ϫ1 were abolished by an intracerebroventricular infusion of the AS inhibitor. Pressor responses to ANG II at 500 ng·kg Ϫ1 ·min Ϫ1 were attenuated by the central infusion of the AS inhibitor or the mineralocorticoid receptor blocker by 70 -80% and by Digibind (to bind "ouabain") by 50%. These results suggest a novel central nervous system mechanism for the ANG II-induced slow pressor response, i.e., circulating ANG II activates the SFO, leading to the direct activation of the PVN and SON, and, in addition, via aldosterone-dependent amplifying mechanisms, causes sustained activation of the PVN and thereby hypertension.
Fra-like immunoreactivity; aldosterone synthase inhibitor; eplerenone; telemetry; angiotensin II CHRONIC INCREASES in circulating ANG II lead to hypertension by direct arterial vasoconstriction and a gradually developing neurogenic response (5, 30) , possibly related to sympathoexcitation. The subcutaneous infusion of ANG II for 2 wk significantly increased both blood pressure (BP) and resting splanchnic sympathetic nerve activity in rats (37) . The chronic subcutaneous infusion of ANG II causes rapid and marked neuronal activation in circumventricular organs such as the subfornical organ (SFO) as well as the nucleus of the solitary tract (NTS) that diminishes over time, whereas a marked and sustained activation occurs in the paraventricular nucleus (PVN) and supraoptic nucleus (SON) (4) . Davern and Head (4) hypothesized that ANG II-induced neuronal input from the SFO to the PVN and SON diminishes over time and that an "undetermined mechanism" amplifies and maintains neuronal excitation in these nuclei, leading to sustained activation and sympathoexcitation.
Plasma ANG II increases markedly after myocardial infarction (MI), followed by a modest increase during the chronic phase (33) . After MI, neuronal activity shows a pattern similar to that caused by the chronic infusion of ANG II (4), i.e., transient increases in the SFO and NTS and progressive and persistent increases in the PVN and SON (26, 36, 44, 47) . The oral administration of the mineralocorticoid receptor (MR) blocker eplerenone attenuates neuronal activation in the PVN by ϳ50% in rats after MI (26) . Central blockade of aldosterone synthase (AS) (22) , MR (6, 20) , or ouabain-like compounds ("ouabain") (24, 32) prevents sympathetic hyperactivity after MI. We hypothesized that after MI, circulating ANG II causes neuronal activation in the SFO and thereby activates angiotensinergic pathways to the PVN and, in addition, causes the chronic activation of a neuromodulatory mechanism starting with aldosterone, which amplifies neuronal activation in the PVN and central sympathoexcitatory pathways (31) .
The present study was designed to examine the role of this putative central amplification pathway in persistent neuronal activation and the BP response to circulating ANG II in Wistar rats. For this, we first assessed the effects of a chronic subcutaneous infusion of ANG II at various rates on aldosterone levels in plasma and the hypothalamus and the pattern of neuronal activation in brain nuclei, as assessed by Fra-like immunoreactivity, as well as on BP and heart rate (HR), using telemetry. Second, we examined the effects of a chronic intracerebroventricular infusion of an AS inhibitor on hypothalamic and plasma aldosterone as well as the effects of a central infusion of an AS inhibitor, MR blocker, or Digibind (to bind "ouabain") on ANG II-induced neuronal activation and hypertension.
METHODS
Male Wistar rats weighing 200 -250 g were purchased from Charles River (Montreal, QC, Canada). All rats were housed in a climatized room on a 12:12-h light-dark cycle at constant room temperature and humidity and given standard laboratory chow (120 mol Na ϩ /g) and tap water ad libitum. This study was carried out in accordance with the guidelines of the Canadian Council on Animal Care, which conform to National Institutes of Health guidelines, and was approved by the University of Ottawa Animal Care Committee. All surgeries were performed under isoflurane inhalation.
Several types of osmotic minipumps were used. Alzet models 2001D (8 l/h, 1 effective day), 2001 (1 l/h, 7 effective days), and 2002 (0.5 l/h, 14 effective days) were used for subcutaneous infusions over various periods, whereas Alzet model 2004 (0.25 l/h, 28 effective days) was used for all intracerebroventricular infusions as well as for subcutaneous infusion of the AS inhibitor.
Protocols
Protocol I: dose-response experiment. A telemetry probe (model TA11PA-C40, DSI) was placed into the abdominal cavity and secured to the ventral abdominal wall with the catheter inserted into the abdominal aorta. The telemetry signal was obtained using an analog adapter and data-acquisition system, which was set to calculate and store the mean values of resting BP and HR with a 3-s interval over a 1-min period each hour. Continuous recordings of BP and HR during the day (7 AM-7 PM) and the night (7 PM-7 AM) were started 3 days after the probe implantation. After 3 days of control recordings of BP and HR, osmotic minipumps were implanted subcutaneously for a 2-wk infusion of vehicle (0.9% saline) or ANG II at 10, 50, 150, or 500 ng·kg Ϫ1 ·min Ϫ1 at 0. (6, 22) . Neuronal activation was assessed by Fra expression using an antibody that recognizes all known members of the Fos family (Fos, Fos-B, Fra-1, and Fra-2), as described in previous studies (3, 38) and in the Supplemental Material. 1 Protocol III: effects of central blockades on ANG II-induced BP and aldosterone responses. Chronic intracerebroventricular infusions of various antagonists, or their vehicles as controls, followed by the subcutaneous infusion of ANG II were performed in 12-16 rats at a time. In each set of rats, two to three rats with an intracerebroventricular infusion of aCSF and a subcutaneous infusion of ANG II were included as "positive controls." Generally, after 3 days of telemetry recording, an intracerebroventricular cannula and minipump were implanted for the intracerebroventricular infusion of FAD-286 (100 g·kg Ϫ1 ·day Ϫ1 dissolved in aCSF), MR blockers eplerenone (10 or 20 g·kg Ϫ1 ·day Ϫ1 in aCSF with 4% acetonitrile) or spironolactone (10 g·kg Ϫ1 ·day Ϫ1 in aCSF with 2% ethanol), or digoxin-specific Fab fragments (Digibind, 800 g·kg Ϫ1 ·day Ϫ1 in aCSF). In an additional group, FAD-286 at the same rate was infused subcutaneously. The doses for the intracerebroventricular infusion of eplerenone were extrapolated from studies using the oral administration of eplerenone (26) and oral versus intracerebroventricular administration of spironolactone (6, 29) . Digibind binds not only to digoxin but also to ouabain and "ouabain" with high affinity (18, 40) . For the infusion of Digibind, the content of one vial of Digibind (38 mg/vial in lyophilized form) was dissolved in 1-1.2 ml aCSF, and the osmotic minipump was filled with the solution. The dose for the intracerebroventricular infusion of Digibind was based on our previous studies (19, 32) showing that an intracerebroventricular infusion of Digibind at the same dose as that used in the present study prevents hypertension and/or sympathetic hyperactivity in Dahl salt-sensitive rats on a high-salt diet or in Wistar rats after MI. Nonspecific sheep IgG Fab fragments (NS-Fab, Rockland, 800 g·kg Ϫ1 ·day Ϫ1 in aCSF) were infused intracerebroventricularly as a control for Digibind. Two days after the start of these intracerebroventricular or subcutaneous infusions, osmotic minipumps were implanted subcutaneously for a 2-wk infusion of ANG II at 150 or 500 ng·kg Ϫ1 ·min Ϫ1 . BP and HR recordings continued for 14 days after the start of the ANG II infusion. Rats were then killed by decapitation early in the morning, and trunk blood was collected for measurements of ANGs and/or aldosterone and corticosterone. Plasma and the whole brain were frozen and stored at Ϫ80°C until analysis. The brain was later dissected for measurements of aldosterone and corticosterone content in the hypothalamus and hippocampus.
Protocol IV: subcutaneous infusion of aldosterone and plasma and brain aldosterone. In three groups of Wistar rats, osmotic minipumps were implanted for the subcutaneous infusion of D-aldosterone (Sigma, St. Louis, MO) at 0.5 or 2.5 g/h or vehicle (0.9% NaCl with 1% ethanol) for 2 wk. At the end of the infusion period, rats were decapitated early in the morning, and trunk blood and the whole brain collected for aldosterone and corticosterone assays.
Biochemical Assays
The whole hypothalamus and hippocampus were dissected according to Glowinski and Iversen (10) . Plasma and brain aldosterone were measured by RIA as previously described (28) . For the standard curve of the aldosterone assay, the lowest detectable value was 0.5 pg/tube. Since the average weight of hypothalamic tissue was 80 -90 mg and the amount in each RIA tube was ϳ14 mg, the sensitivity for hypothalamic aldosterone was 0.5/14 ϭ 0.035 pg/mg. Observed levels of hypothalamic aldosterone (Ͼ0.10 pg/mg) were higher than this level. Plasma and tissue corticosterone were determined using a corticosterone 125 I RIA kit (product 07-120103, MP Biomedicals). Plasma ANG I and II concentrations were measured by RIA after extraction on C18 Sep-Pak cartridges and separation by HPLC, as previously described (34) .
Statistical Analysis
Average mean arterial pressure (MAP) and HR over 24 h as well as MAP differences between the night and day were used for comparisons. Two-way repeated-measures ANOVA was performed. When the F-values were significant for main effect, Duncan's method was used for multiple comparisons. For comparisons of other parameters, one-way ANOVA was performed followed by a Duncan's test as a post hoc procedure. For data with a failed normality test, one-way ANOVA on ranks was performed followed by Duncans's method for multiple comparisons. Statistical significance for all tests was defined as P Ͻ 0.05.
RESULTS
In all groups of rats, no behavioral changes were observed during the intracerebroventricular and subcutaneous infusions. Body weight gain was similar in rats with different treatments (not shown).
BP and HR Responses to the Subcutaneous Infusion of ANG II
The baseline MAP and HR were not significantly different among groups (Supplemental Table S1 and Supplemental Fig S1) . The subcutaneous infusion of ANG II at 10 ng·kg ·min Ϫ1 significantly increased MAP by ϳ8 and ϳ20 mmHg, respectively, the first few days and then caused further increases with peaks of approximately ϩ20 and ϩ60 mmHg on days 10 -14 (P Ͻ 0.05 for all vs. the corresponding baselines).
HR was significantly decreased by ϳ10 beats/min by ANG II at 500 ng·kg Ϫ1 ·min Ϫ1 only on days 1-3 (P Ͻ 0.05 vs. baseline). ANG II at lower rates did not change HR.
Plasma ANG II and Plasma and Brain Aldosterone
ANG II at 10 and 50 ng·kg Ϫ1 ·min Ϫ1 did not change plasma ANG II levels (data not shown), nor did infusion of ANG II at 150 ng·kg Ϫ1 ·min Ϫ1 (Fig. 1) . In contrast, the infusion of ANG II at 500 ng·kg Ϫ1 ·min Ϫ1 caused a fourfold increase in plasma ANG II levels (Fig. 1) . The intracerebroventricular infusion of FAD-286 or Digibind had no effect on the increase in plasma ANG II. The intracerebroventricular infusion of ANG II at 500 but not 150 ng·kg Ϫ1 ·min Ϫ1 significantly decreased plasma ANG I levels. ANG II at 150 ng·kg Ϫ1 ·min Ϫ1 combined with FAD-286 significantly decreased plasma ANG I levels, whereas the decrease in ANG I levels by 500 ng·kg Ϫ1 ·min Ϫ1 tended (P ϭ 0.07 and 0.08, respectively) to be enhanced by the concomitant intracerebroventricular infusion of FAD-286 or Digibind.
Plasma aldosterone was ϳ110 pg/ml in the vehicle groups and was markedly increased by ANG II at 500 but not at 150 ng·kg Ϫ1 ·min Ϫ1 (Fig. 1 ). This increase was not affected by the intracerebroventricular infusion of FAD-286 or Digibind. Plasma corticosterone levels were similar for all groups (Fig. 1) .
In rats with intracerebroventricular and subcutaneous infusions of vehicles, aldosterone content was higher (P Ͻ 0.05) in the hypothalamus than in the hippocampus [170 Ϯ 48 vs. 57 Ϯ 18 pg/g (Fig. 2) and 142 Ϯ 51 vs. 44 Ϯ 12 pg/g (Table 1) ]. The subcutaneous infusion of ANG II at 150 ng·kg Ϫ1 ·min Ϫ1 tended (P ϭ 0.1) to increase and at 500 ng·kg Ϫ1 ·min Ϫ1 significantly increased hypothalamic aldosterone content (Fig. 2) . This increase was significantly attenuated by intracerebroventricular FAD-286 but not by Digibind. The subcutaneous infusion of ANG II at 150 ng·kg Ϫ1 ·min Ϫ1 had no effect but at 500 ng·kg Ϫ1 ·min Ϫ1 significantly increased aldosterone content in the hippocampus (Fig. 2) . Intracerebroventricular FAD or Digibind did not significantly attenuate this increase. None of the treatments affected corticosterone content in the hypothalamus or the hippocampus (Fig. 2) .
Plasma and Brain Aldosterone and Corticosterone After Subcutaneous Aldosterone
Compared with vehicle, the subcutaneous infusion of aldosterone at 0.5 and 2.5 g/h increased plasma aldosterone concentrations significantly by ϳ400 and 600% (Table 1 ). In contrast, subcutaneous aldosterone at both rates caused only minimal increases in hypothalamic aldosterone content. Subcutaneous aldosterone at 2.5 g/h increased aldosterone content in the hippocampus by ϳ150%.
Aldosterone infusion at both rates had no effect on corticosterone levels in the plasma, hypothalamus, and hippocampus.
Neuronal Activation by the Subcutaneous Infusion of ANG II
The subcutaneous infusion of vehicle caused mild increases in Fra expression, which were significant in the magnocellular PVN (mPVN) and parvocellular PVN (pPVN) on day 1 and in the median preoptic nucleus (MnPO) on day 14 compared with control rats without any intervention ( Table 2 ). The subcutaneous infusion of ANG II increased Fra expression in a dose-related manner (Table 2 and Supplemental Fig S2) . ANG II infused for 1 day increased Fra expression in all nuclei except the MnPO and after 4-days in all nuclei. After 14 days of infusion, ANG II at both rates caused sustained increases in Fra expression in the pPVN, mPVN, and SON but no longer in the MnPO. In the SFO after 14 days, ANG II at 150 ng·kg Ϫ1 ·min Ϫ1 no longer had an effect and at 500 ng·kg Ϫ1 ·min Ϫ1 still increased Fra expression, but less than after 1 and 4 days of infusion. In contrast, activation of the pPVN, mPVN, and SON was significantly greater after 14 versus 1 day of infusion of ANG II at 500 ng·kg
In the second experiment, compared with rats with both intracerebroventricular and subcutaneous infusions of vehicles, rats with the intracerebroventricular infusion of vehicle and subcutaneous infusion of ANG II at 500 ng·kg Ϫ1 ·min Ϫ1 for 14 days showed significant increases in Fra expression in the SFO, mPVN, pPVN, and SON (Fig. 3) . These increases were significantly attenuated in the pPVN and mPVN by the intracerebroventricular infusion of either FAD-286 or spironolactone. In contrast, intracerebroventricular FAD-286 or spironolactone did not affect neuronal activation in the SON and further increased Fra expression in the SFO compared with rats with intracerebroventricular vehicle and subcutaneous ANG II.
Effects of Central Blockades on Pressor Responses to Subcutaneous ANG II
The intracerebroventricular infusion of blockers or their corresponding vehicles without the subcutaneous infusion of ANG II did not affect 24-h MAP and HR (data not shown).
ANG II at 150 or 500 ng·kg Ϫ1 ·min Ϫ1 combined with intracerebroventricular aCSF or other vehicles caused similar increases in MAP as in protocol I (Fig. 4) . The intracerebroventricular infusion of FAD-286 fully prevented the increase in MAP induced by ANG II at 150 ng·kg Ϫ1 ·min Ϫ1 and ϳ70 -80% of the increase by ANG II at 500 ng·kg Ϫ1 ·min Ϫ1 . The subcutaneous infusion of FAD-286 (n ϭ 4) at the same rate had no effect on the increase in MAP by ANG II at 500 ng·kg Ϫ1 ·min Ϫ1 , i.e., ϩ28 and ϩ62 mmHg after 4 and 10 days. The intracerebroventricular infusion of eplerenone at 10 and 20 g·kg Ϫ1 ·day Ϫ1 significantly attenuated the increases in MAP by ANG II at 500 ng·kg Ϫ1 ·min Ϫ1 by 70% and 80%, respectively ( Fig. 4 and Supplemental Fig S3) . The extent of attenuation by the intracerebroventricular infusion of eplerenone at the two rates was not statistically different. The intracerebroventricular infusion of spironolactone attenuated the increase in MAP by ϳ50%, which was somewhat less than that by eplerenone (Supplemental Fig S3) . The intracerebroventricular infusion of Digibind attenuated the pressor responses to ANG II at 500 ng·kg Ϫ1 ·min Ϫ1 by ϳ50% (Fig. 4) , whereas the intracerebroventricular infusion of nonspecific Fab fragments at the same rate did not affect the increase in BP (Supplemental Fig S3) .
MAP was significantly higher by 7-8 mmHg at night versus in the day in the different groups before the subcutaneous infusion of ANG II (Table 3) . During the subcutaneous infusion of ANG II, this difference between the night and day MAP persisted and was not affected by any of the treatments.
The small decrease in HR by ANG II at 500 ng·kg Ϫ1 ·min
Ϫ1
was absent in rats with the intracerebroventricular infusion of a blocker (Supplemental Fig S4) .
DISCUSSION
The mechanisms mediating the central, slowly developing pressor response to circulating ANG II have so far not been elucidated. The present study provides evidence for the concept that in the central nervous system (CNS) activation of a local aldosterone -"ouabain" system acts as a neuromodulatory pathway to induce the slow pressor response to circulating ANG II. The subcutaneous infusion of ANG II at a modest rate induced minimal increases in plasma ANG II and aldosterone but caused persistent neuronal activation in the PVN and SON and a gradual pressor response of ϳ20 mmHg. ANG II at a higher rate caused clear increases in plasma ANG II and aldosterone, an increase in hypothalamic aldosterone, further neuronal activation (especially in the PVN and SON), and a marked pressor response of 50 -60 mmHg. The central infu- sion of an AS inhibitor or MR blocker prevented most of the ANG II-induced neuronal activation in the PVN and the increase in BP. The AS inhibitor also prevented the ANG II-induced increase in hypothalamic aldosterone without affecting the increase in plasma aldosterone. Consistent with this dissociation of hypothalamic and plasma aldosterone, the chronic subcutaneous infusion of aldosterone caused clear dose-related increases in plasma aldosterone with only minimal increases in hypothalamic aldosterone content.
In the present study, a 2-wk subcutaneous infusion of ANG II at 150 ng·kg Ϫ1 ·min Ϫ1 did not change plasma ANG II and aldosterone levels but at 500 ng·kg Ϫ1 ·min Ϫ1 increased plasma ANG II by 4-fold and plasma aldosterone by 25-fold. In Sprague-Dawley rats, an infusion of ANG II at ϳ200 ng·kg Ϫ1 ·min Ϫ1 intraperitoneally increased plasma aldosterone by 2.5-fold (16) and at 300 ng·kg Ϫ1 ·min Ϫ1 infused subcutaneous increased urinary aldosterone excretion by 7-fold (37).
Plasma ANG II was not measured in these studies. An intravenous infusion of ANG II at 60 and 200 ng·kg Ϫ1 ·min Ϫ1 for 5 days increased plasma ANG II in a dose-related manner, but only ANG II at 200 ng·kg Ϫ1 ·min Ϫ1 increased plasma aldosterone significantly (42) . Together, these data suggest that the chronic infusion of ANG II only at higher rates causing clear increases in plasma ANG II leads to sustained and marked adrenal stimulation. As expected, the infusion of ANG II decreased plasma ANG I levels. This decrease tended to be clearer in the presence of central blockades, possibly reflecting the prevention of an increase in renal sympathetic nerve activity and the resulting effect on renin release.
Infusion of aldosterone at 0.5 and 2.5 g/h caused doserelated but nonproportional increases in plasma aldosterone levels, i.e., the lower infusion rate increased levels from 79 Ϯ 26 to 434 Ϯ 95 pg/ml and the fivefold higher rate increased levels further, but only to 626 Ϯ 78 pg/ml. A similar pattern of aldosterone levels in response to the subcutaneous infusion of aldosterone has been previously reported by Garwitz and Jones (8) . Whether this pattern reflects nonlinear kinetics of aldosterone or other mechanisms cannot be assessed from the present study. The subcutaneous infusion of aldosterone increased plasma aldosterone but did not change hypothalamic aldosterone. In contrast, studies in adrenalectomized rats with the subcutaneous infusion of aldosterone at low rates of 0.2-0.5 g/h for 1-2 wk showed aldosterone levels in the hypothalamus (49) or in the whole brain (13) proportional to plasma aldosterone levels over the range of 0 -300 pg/g and 0 -300 pg/ml (49) . Limited penetration of the blood-brain barrier by aldosterone (9) and substantial competition from corticosterone for both uptake and binding to MR in the cell (9, 12, 48) may explain these different findings in adrenalectomized rats without corticosterone replacement compared with the findings in intact rats. Uptake mechanisms may also vary by brain regions, since the subcutaneous infusion of aldosterone clearly increased aldosterone levels in the hippocampus but not in the hypothalamus of intact rats, consistent with different regulation of uptake.
Enzymes involved in steroid biosynthesis are present in the CNS (38) , and aldosterone can be synthesized in the brain (11) . In the present study, the chronic subcutaneous infusion of ANG II increased aldosterone content in the whole hypothalamus and hippocampus. The subcutaneous infusion of ANG II Fig. 4 for n values. FAD-286 is an inhibitor of aldersterone synthase, Digibind binds ouabain and ouabain-like compounds; and eplerenone is an inhibitor of mineralocorticoid receptors. aCSF, artifical cerebrospinal fluid. *P Ͻ 0.05 vs. the corresponding day; †P Ͻ 0.05 vs. all other groups on day 14; ‡P Ͻ 0.05 vs. the vehicle ϩ vehicle-treated group on day 14. at 500 ng·kg Ϫ1 ·min Ϫ1 increased plasma aldosterone by ϳ25-fold but increased hypothalamic aldosterone only by 3.5-fold. The intracerebroventricular infusion of the AS inhibitor prevented most of this increase in hypothalamic aldosterone but had no effect on the marked increase in plasma aldosterone, consistent with an increase in local aldosterone production in the hypothalamus. The intracerebroventricular infusion of the AS inhibitor had only a modest, nonsignificant effect on the increase in aldosterone in the hippocampus induced by ANG II. Considering also that AS mRNA levels are lower in the hippocampus versus in the hypothalamus (14) , and that the subcutaneous infusion of aldosterone increases aldosterone levels in the hippocampus but not in the hypothalamus, most of the increase in aldosterone in the hippocampus by the subcutaneous infusion of ANG II appears to reflect uptake rather than local production.
Immunohistochemical detection of the Fos family of proteins is extensively being used to identify chronically activated neuronal populations in the CNS, including CNS regions involved in cardiovascular homeostasis (4, 36, 44) . Central effects of circulating ANG II are generally considered to be initiated by the activation of neurons in circumventricular organs such as the SFO (4, 52) . In the present study, the subcutaneous infusion of ANG II caused transient neuronal activation in the SFO and progressive neuronal activation in the PVN and SON. These findings are consistent with a previous study (4) in rabbits. The intracerebroventricular infusion of an AS inhibitor or MR blocker markedly attenuated neuronal activation in both the mPVN and pPVN. Neither blocker attenuated the neuronal activation in the SON. One may speculate that circulating ANG II activates descending pathways from the SFO to activate magnocellular neurons in the SON (43) , leading to an increase in aldosterone synthesis, and aldosterone via MR causes further activation of the mPVN and pPVN. Neuronal activation in the PVN and SON has also been observed in other rat models showing an increase in brain aldosterone content with or without an increase in plasma aldosterone, such as in rats with the chronic intracerebroventricular infusion of aldosterone (51), Dahl salt-sensitive rats on a high-salt diet (1), and rats after MI (26, 36, 44, 47) . This activation in the PVN can be prevented by the intracerebroventricular infusion of an MR blocker (51) or attenuated by ϳ50% by the oral administration of an MR blocker (26) . Interestingly, the intracerebroventricular infusion of the AS inhibitor or MR blocker prevented the decrease in neuronal excitation in the SFO after 14 days of ANG II infusion. It appears that sustained activation of the PVN decreases neuronal activation of the SFO through a negative feedback mechanism, perhaps indirectly by the increase in BP (35) , which is attenuated by the blockers.
The subcutaneous infusion of ANG II caused dose-related increases in BP. These findings are fairly similar to previous studies (17, 27, 30) . The subcutaneous infusion of ANG II at the low rate of 150 ng·kg Ϫ1 ·min Ϫ1 after a few days increased BP by ϳ20 mmHg but did not significantly increase plasma ANG II and aldosterone. Previous studies using a subcutaneous infusion of ANG II at 200 ng·kg Ϫ1 ·min Ϫ1 (15) or an intravenous infusion of ANG II at 30 ng·kg Ϫ1 ·min Ϫ1 (25) have also reported significant increases in BP without detectable increases in plasma ANG II or aldosterone levels. These findings indicate that pressor responses can be induced by the long-term infusion of ANG II at low rates without detectable increases in plasma ANG II and aldosterone. Pressor responses to ANG II depend on both peripheral (arterial and renal) and neurogenic mechanisms (5, 37) . Our results suggest that the infusion of ANG II at low rates mainly increases BP by activation of CNS pressor pathways, since the intracerebroventricular infusion of the AS inhibitor fully prevented the pressor response to ANG II at 150 ng·kg Ϫ1 ·min
Ϫ1
. The subcutaneous infusion of ANG II at 500 ng·kg Ϫ1 ·min Ϫ1 during the first few days increased BP by ϳ30 mmHg and after 8 -10 days by ϳ60 mmHg. Most of these pressor responses to ANG II were prevented by the AS inhibitor and MR blockers, both during the first few days and the more chronic phase. It appears that modest increases in circulating ANG II cause the activation of CNS pathways, which substantially contributes to both the initial and long-term increase in BP. The results on neuronal activation, hypothalamic aldosterone, and BP together suggest that an ANG II-induced increase in aldosterone locally produced in the brain plays a major role in the progressive activation of the PVN and thereby contributes to the progressive increase in BP. An intracerebroventricular infusion of the AS inhibitor also prevents hypertension and/or sympathetic hyperactivity in rats with an intracerebroventricular infusion of Na ϩ -rich aCSF (21), Dahl saltsensitive rats on a high-salt diet (14, 23) , and rats after MI (22) . In these models, plasma aldosterone may or may not be elevated, further demonstrating the role of brain aldosterone per se.
The intracerebroventricular infusion of eplerenone or spironolactone also largely attenuated the ANG II-induced hypertension. The effects of the AS inhibitor and MR blockers were rather similar, and the results from the two different blockades suggest that locally produced aldosterone can access free MR in, e.g., the PVN (50) to cause neuronal activation and hypertension. Using an AS inhibitor as well as an MR blocker provides specific evidence for the role of aldosterone locally produced in the brain in the activation of MR and BP regulation.
As expected, BP measured by telemetry showed higher values during the night compared with the day. This diurnal rhythm was not affected by the subcutaneous infusion of ANG II or any of the central blockades. This finding supports the concept that ANG II via aldosterone and MR resets CNS pathways at a higher level but does not interfere with their physiological responses.
The central infusion of aldosterone increases hypothalamic "ouabain" levels (46), and both MR blockers and Digibind prevent the sympathoexcitation and pressor responses to the central infusion of aldosterone (46, 51) , indicating that MR and "ouabain" mediate central responses to exogenous aldosterone. Since the intracerebroventricular infusion of Digibind did not affect the ANG II-induced increase in hypothalamic aldosterone but did inhibit the pressor response, it appears that "ouabain" is involved in the central pathways downstream to aldosterone synthesis. Aldosterone via MR possibly activates magnocellular neurons in the PVN, increasing "ouabain" synthesis/release. "Ouabain" may inhibit Na ϩ -K ϩ -ATPase and thereby lower the neuronal membrane potential or increase intracellular Ca 2ϩ (39) , which can enhance the activity of angiotensinergic sympathoexcitatory pathways leading to hypertension (7). "Ouabain" blockade was somehow less effective than AS inhibition in preventing ANG II-induced hyper-tension, suggesting that aldosterone's effects in the CNS may depend not only on "ouabain." It appears less likely that higher doses are needed, since Digibind at the same rate is effective in rats after MI (32) and Dahl salt-sensitive rats on high salt intake (19) .
The intracerebroventricular infusion of eplerenone was somewhat more effective in attenuating the pressor effects of ANG II than the intracerebroventricular infusion of spironolactone. Eplerenone has very low affinities for other steroid hormone receptors, such as androgen receptors, and does not have an antiandrogenic effect in vivo (41) . Spironolactone may block androgen receptors in the brain in favor of, e.g., AVP release (45) , offsetting the BP-lowering effects induced by the MR blockade.
Limitations of the Study
FAD-286 hydrogen tartrate was used as the AS inhibitor. The central infusion of FAD-286 free base (14) and FAD hydrogen tartrate (23) similarly prevent salt-induced hypertension in Dahl salt-sensitive rats, but possible effects of tartrate per se cannot be excluded, and the intracerebroventricular infusion of L-tartaric acid is an appropriate vehicle control to consider.
Neither the aldosterone content of the whole hypothalamus nor intracerebroventricular infusion of blockers provide insight into the actual hypothalamic nuclei possibly responsible for local production nor into the areas mediating the actions of aldosterone. Further studies on gene expression and local inhibition may provide more specific information in this regard.
Perspectives
The present study shows a novel CNS mechanism for ANG II-induced hypertension, i.e., a chronic increase in circulating ANG II appears to activate an aldosterone-dependent neuromodulatory pathway, which, via MR activation, causes "ouabain" release and sustained neuronal activation in the PVN. Our findings suggest that this CNS aldosterone-dependent neurogenic component is a major mechanism for hypertension induced by circulating ANG II. Peripheral arterial and renal effects (3) of circulating ANG II have also been well documented. Our findings suggest that these effects may be facilitated by this central mechanism. After MI, circulating ANG II rapidly increases, and neurons in, e.g., the SFO, SON, and PVN are activated in a similar pattern as caused by the subcutaneous infusion of ANG II. Central blockade of AS, MR, or "ouabain" largely prevents sympathetic hyperactivity, left ventricular dysfunction, and remodeling (6, 20, 22, 24, 32) , indicating an activation of this central aldosterone-"ouabain" pathway also in rats after MI. Further studies are needed to assess the relative role of circulating ANG II in activating this pathway after MI. 
